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Abstract. - The early history of physics at accelerator is reviewed, with empha-
sis on three experiment which have had a profound influence on our view of the
structure of matter: The Franck and Hertz experiment demonstrating the mechanism

of atomic spectra, the Cockcroft dnd Walton experiment opening practical ways of
atudyifignuclear disintegration, and the discovery of the V+’igobar of the pro-
tan by Fermi and collaborator, revealing structure in the nucleon. Fermi’s work
ia illustrated by pagea from his notebooks.

Resume. - L’histoire du debut de la physique dea accclcrateurs est pres~ntee, avec
l’accent aur troia experiences qui ont eu une influence profonde sur notrc.concep-
tion de 13 structure de la matiere: l’experience de Franck et tlertz quie demontrti

le mecanisme dea spectres atomiques, l’experience de Cockcroft et Walton qui~:
ouvrit des v~iee pratiques a l’etude de le deslntcgration nucleaire, et la decou-
verte de l’iaobere V++ du proton per Fermi et sea collaborateurs, quie L-evela
une structure dana le nucleon. Le travull de Fermi est illustre par dc~ extr~lito
de son journal de laboratoire

T don’t j,ntend to g~ve n comprehensive survey of nll the importnnt cxpcrl.mcnts
in elementary pnrticle physic~ thut were carried out [Itnccclerntors in the period
],9?(-)- 1960. TIIH~Md, T’ri like to tell about thr~’cnccelerotor expc?rlmcnt~ tht In
u dramntfr wuy, rtlnnp,ed phy~ics profoundly, enrh 1,1 its own tlmc. Thu f?xpcrfmcnLH 1
hnvc in mjnd nru tilt! foll,owll)~:
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Initiated by discoveries made almost exactly 20 years apart: the discovery of the
nuclear atom by Rutherford in 1911, the discovery of
1932, and the discovery of the exctted A-state of
collaborators and its interpretation by Brueckner and
wrote this article in 1972 a 4th spectroscopy of quarks
large part of high energy physics today, was emerging.

the neutron by Chadwick in
the proton by Fermi and
Watson in 1952.” When he

and gluons, that ~ccupies a

Franck and Hertz Experiment

The Rutherford scattering experiment gave no su.ggeation of a spectroscopy untjl

Bohr’s theory provided it. The experimental demonstration that atomic spectroscopy
could be underatoocl from the point of view of Bohrfa theory was made 5y Franck and

Hertz. This was not the classic Franck and Hertz experiment in which it was shown
that an electron would lose 4.9 voltg, and not less. in i~elastic collisions with

mercury atoms. It was the one that follo~ed and answered the question “What hap-
pened to the lost energy.? “1 Fig. 1 shows the apparatus. It is an accelerator
small enough to be held in one hand. There is a platlnum filament, labeled D in
the figure, that emitted electrons when I]eated by all electric current. The
electrons were accelerated toward the rinode N when this was held at positive
potential with respect to the filament. The bulb was filled with mercury vapor
that served as the target. With anode voltages in excess of 4.9 volts, inelastic
collisions between electrons and mercury atoms took place within the bulb. To see
what came out of this, an ultraviolet spectrograph was net up to nnalyze bzy
possible light ~mission. The spectrogram obtained is reproduced in Fig. 2. The
result ia shown in the lower spectrum. The darkened continuous region on tileright
is due to the light emitted by the hot fila:,]ent.Off to the left thsre is a single

/ O%hrrdtr
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isolated dark line, identifi~d by the comparison spectrum of mercury above, as the
2535 ~ resonance li~e of mercury. We recognize this line today as coming from
the first excited state of tiie mercury atom and we know that it arises by the
emission of radiation following excitation by electron collision. In fact, from
their measurement of the electron energy, /.9 volts, and the wavelength of the

emi~~e(; l%ght, Planck’s constant was deterrnlned. The value they obtained, h = 6.59

x 10-Q7 g:.zr YY agrees, within errors, with the present value, fj.fj3X 10-27

erg sec.

If this seem obvious enough now it is because we know Bohrts theory. But it

may interest you LO know that when Franck and Hertz did their experiment they
didn’t know about B[;!lr’stheory. It had been published some six months earlier,

but they hadn’t heard of it. They were negligent not to have read about it in the
literature. You know how that happens. There was an active seminar in Berlin at
the time at which all the latest developments in physics were discussed. But if
130hr’s theory had been presented there it wollldn’t have been taken seriously. In
fact, in a letter to Bohr, Richard Courant once wrote, “.....how glad I was when 1
read of the Nobel Prize report. in the newspapers. It reminded me vividly of that
beautiful day in Cambridge in 1913 when you set forth your ideas for me in the
quadra]lgle of Trinity. Thanks to prior suggestion by Harald (Bohr), wh’J had so
often told me wonderful things about his brother, I was at that point immediately
ready to believe that you might be right. But when I then reported of these things

here in CO’ttingen, they laughed at me that I should take such fantasies
seriously.” However, the agreement with Bohrts ideas was so striking that no one

co~’ld deny their correctness. There followed a rapid development in the theory of
atcrtic spectra and a revolution in the understanding of the nature of the atom.

When we think how much modern man depends on the chemistry, the biology, and the
technology that grew out of the secure knowledge of atomic structure, we begin to
have a measure of the power and the importance of those developments.

Cockcroft and Walton Experiment.—— ...—..———
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IQ!_-.2: The Cockcrofc-i4alton
accelerator. John Cockcroft is
sitting inside the small ob-
server’s box in the foreground.
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uranium, following the discovery of thet phenomenon at the beginning of
?igure 6 is a photograph of the Columbia cyclotron that show~ me carry-

experiment on the resonant absorption of neutrons by uranium.

Figure 7 reproduces a graph taken from a report prepared by W. K. F.
Panofsky.13 It shows how the energy of accelerators developed over the years.
The particle energy, either electron or proton, as the case might be, increased
tenfold every six years over the 50 year period fro% 1932 - 1982. For the purposes
of the graph, the energy plotted is the laboratory energy of the particles acceler-
ated. For colliders, an equivalent energy is plotted which is the laboratory
energy on a fixed target with the same center of mass energy. The plot shows how,
as each technology began to reach its limit in energy, a new higher energy
technology was invsrrted to succeed it.

In 1960, the :ut-off date for this colloquium, the 30 GeV proton synchrotrons
at CERN and Brookhaven were just coming onstream, but the 6 GeV 3evatron at Berkeley
had been in operation for several years. With it came the discovery of the anti-
proton and a number of new strange particles. Many important experiments in par-
ticle physics were performed with the synchrocyclotrons and the synchrotrons of the

50’s wftl, the pions, the muons, and the strange particles they produced. By the end
of the decade the physics wi:h these particles ~as being done almost exclusively
with machines. It was no longer fruitful to look at the cosmic rays to study elemen-
tary particles.

It seems reasonable to suggest as Alvarez has, 14 that modern particle physics
had its start in 1946, during the last days of wcrld War II, when a group of yo’~ng
Italians, Conversi, Pancini, and Piccioni, while hiding from the Germans, car~ied

15 They showed that the “mesotron” which had beenout a remarkable experiment.
discovered in 1937 by Nedderir,eyerand Andersonl~ and by Street and Stevenson,17 was
not the particle p~edicted by Yukawa as the mediator of nuclear forces, but a weakly
interacting particle we now call the muons The Yuk&wa particle, now known as the
pion, was discovered the follo~fingyear LIy occhialini, Powell, and collaborators.18
Thj.s group from Bristol used a new nuclear emulsion technique developed in collabora-

tion with Tlford 1.aboratories. After expooure to cosmic rays they not only found
~l~cIpiCTIS hut sl)owed them der;lying into muons.
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While thio wae going on in Europe and England, two new rest accelerators were
being built in Ernest Lawrence’s laboratory in Berkeley. lfi Both were based on
the principle of phase stability as developed by McMillan and independently by
Veksler, toward the cnrlof the war. Iawrence’s lf14-in eynchrocyclotron waa capable
of accelerating pr.otona LO an energy of 350 McV. McMillanla electron sychrotron

could rench 330 MeV. The ~ynchrocyclotron delivered its firgt beam duet hefore
midnl~l]t, November 1, 1946. Although pione were belnu copiouely produced, atLernpts
to find thcm failed for Inck of the proper emulsion technique. They were found
mlmost immediately ufter l,attes arrived from Bristol with the tcchnlque and the

proper Ilforc! emul~ions. Lnttcs wtl~ Llle young Brazilian who, working with
Occhialint and Powell nt Jlrjstol, was the first to fJnd p~OnH {n the c.osmf.crays.
Now he found thcm produced artiffcnlly in a machine. Fi}lurc 8 ~how~ Crw+re Lattes
nnd Eugene (ktrdncr preparing nn emulsion cxpo~urc nt the ~yncl~rocyclotron.
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!w__!z: Cesare Lattes and Eugene Gardner preparing an exposure
emulsions to pions in the Berkeley 184-inch synchrocyclotron.

of

When the cross sections for the photo reduction on hydrgen of lTOwere compared
with those that had been made for n‘,22*2S they were found to be about eqtial.

Moreover, the angular distribution app~ared to be isotropic in both cases. This
seemed difficult to reconcile with any oi the theories being discussed at the time.
The first suggestion that the anomalous behavior In photoproduction might be due to
the existence of a nucleon isobar was made by Fujimoto and Miyazawa24 and also by
Brueckner and Case.25 The argument did not become convincing until after the discov-
ery of the resonance in the pion-proton scattering. It then became possible for
Brueckner and Watson26 to put the photoproduction results on a firmer footing.

Many important experiments were done with accelerators during the 50’s. Amonfi
them, I want to mention the beautiful experiments of 140fstsdter27 using the elec-
tron Iinac at Stanford. They .~ve quantitative evidence for the ;inite size of the
proton and a glimmer of the tiny world within and the 4t!~spectroscopy that has pre-
occupied us since.

Synchrocyclotron_at Chicapo_.—_-—-—J—

Inst:ad of reviewing these developments more completely, I thought it might be
more interesting to tell about the third experiment in some detail. This W~S the
experiment in which the pion-proton resonance appeared unexpectedly in a striking
Way . The work began in 1951, soon after the construction of the synchrocyclotron
was completed at Chicago.28 This machine was designed to accelerate protons to 450
MeV, 100 MeV more than its predecesso~ at Berkeley, so that the intensity and energy
of ~hc pion beams it could produce would be substantially greater. During the
constr~’ction of the machine, I kept Fermi closely coupled to all the developments.
It Wils understood that once the machine was completed, we would resume our work

together. When the time came we organized a small group, l~cluding some graduate
students, and began a series of measurements on pion scattering. .JohnMarshall, who
helped design and build the machine formed his own group. Other members of the
InstituLe for Nuclear Studies also formed groups and used Lhe machine according to a
schedule that was worked obt each week. Figure 9 is a photograph showing Enrico
Fermi, myself, and John Mar~hall, at the cyclotron.
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Fig. 9: Enrico Fermi, Herbert Anderson, and John Marshall at the———
Chicago synchrocyclotron.

Fig. 10: The “kFermitrolley”,..——.——— a movable target for the proton beam inside
the cyclotron capable of obtaining the beam intensity f.vrn temperature
difference measurements.
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among my collection of notebooks for the once of that periods I
my suprise, that in some sections the entries were almost entirely
It is possible to catch the excitement of discovery in those

gave an interesting glimpse of Fermi as an experimenter.

the cyclotron, Fermi wanted to add his contribution to it6
offered to take care of the target arrangements. One weekend, he

went into the shop and built the trolley car shown in the photograph of Fig. 10. It

was an ingenious device and became so useful it remained in operation for many
years. Mounted on the edge of the magnet pole inside the vacuum, tbe trolley car
could be moved around by manipulating a set of switches outside the vacuum chamber.
Each ?a?r of wheels was on an axle to which was attached a magnet coil. The coils

were set at 90° to one another. Sending current through the coil in the horizontal
position with the cyclotron ❑agnet on would turn it to the upright position. This
rotated the wheels through 90° and brough~ the second coil to the horizontal
position. By sending current through the second coil, the wheels would rotate by an
additional 90°. Switching the current from ane coil to the other would send the car
around the pole in one direction. Reversing the current moved the car in the op-
posite direction. A third coil was used to raise or lower the target in or out of
the beam.

The general scheme was to provide negative and positive pion beams at various

energies as shown in Fig. 11. Fermi calculated the trajectories from a map of the
cyclotron magnetic field and slots were cut in the steel shield that separated the

cyclotron from the experimental room according to his prescriptions. The negative
pions emitted in the f~rward direction came out of the cyclotron through a thin
window in the vacuum chamber. Positive pions came out if they were emitted in the
bazkward direction. The positive pion beams were of lower intensity but they came
out readily when the magnetic field of the cyclotron was reversed.

On the other side of the shield, in the experimental area, a deflecting magnet
wa6 set up. It could be moved into position at any one of the slots and was Ubd to
make the final selection of pion energy. By requiring an extra bend, backgrounds
from other particles coming through the slot, especially neutrons and gamma L“aYSs

Were greatly reduced.
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Fig. 11: Pion beams at thr Chicagc synchrocyclotron. Slot@ were cut in the
steel shielding to accept piotlsfrom the target with different energies.
The final energy selection was done with a dipole rnaenet on the experi-
mental area side of the shield.
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Fl& 12: Cyclotron behind its aLeel shield. The slot pattern cut
~n steel plates for the pion beams 18 seen in the foreground. The

.-—

thin window~ through which the pions emerged are central in the photo-
graph. A long window to the right, a ehort window in the center. Both
windows have their protective cover in place. Above and below the
centrql window are the connection terminals for the “trolley car”’and

lucit’zwindcws to obeerve its poafticn.

Fj.gure 12 is e photograph of the cyclotron behind its steel shield showing the

slots in the shield. The thin window for the pion~ 1s behind its protective shield
in the long port cover to the right. There 1P also a thin window behind a protec-
tive shield in the smaller port cover in the center of the photograph. There ure
luclte windows above and below for viewing the trolley inside. The connecti~n tct-

❑inals for the trolley are mounted on these windows. Thu battery for energizing the
coils may be seen below the per:.

The trolley car was moved to ❑aximize the pion Wan Intensity. It WLIS /IIuo used
to moni:or and measure the pion beam intensity in nn nbsol~lte way. This WaS donr by
measuring the teupcrat~re of the target and determining LIW encr~y deposited by thu
proton beam from a knowledgr of tilehe~t flow charactcrf~fics of the turgct mount.
Srme of the calculations thnt Fermi made for tht~ purposr nre reproduced hcrv. A
sketch cf tht? trolley design is shown in Fig. 13. Th~s !~hOWT ~]1~ 10Cilt~O!l C)f t!l~
thermocouple hot junction nt thj: ~n~get, ~nd ~~H Co]d l~lnc,tlorl~lt thv h~*~lL~lllk*

Details of the heat flow Calculiltions urc ~lvon in Fl}{~. 14 and 15. TIIPHLI urc from
pages of one of Fcrml’s notebookH, dated Hny 25 iltl(l:?}1.1951. Tile rc], nxnt [on clm(!

of the cylindertcnl hrdt sink tIJ cnl~uluted on P:IRV ~14j thu reRpnllHe of LIM’ tllr~[’~
per micronmpcre of benm c~Lrf!nt iH Klven on pnfic 45.

Detectors..——— ...
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materials, originally napthalene crystals, and when connected optically to a photo-
mulitplier tube they provided a pulse output of very short duratton, well suited to
high speed electronic counting and coincidence circuitry. The scintillator, only a
few millimeters thick, could be shaped to cover a large and precisely defined
area. With all these desirable properties, the scintillation counter became an
instant success. The man who discovered the organic scintillation counter was
Hartmut Kallmann A short report of his work appeared in the July 1947 issue of
*’Natur und Technik’’.29~30 A complete report of Kallmann’s research reached MIT,
and in October Martin Deutsch made it available, in translation, to the American

’31scientific community.- He also published a short note in the March 1948 issue
of *’Nucleoni,cu’’.32,33 Kallmann came to New York University in 1949 and soon
thereafter reported his development ?4of liquid scintillation counters,- extending
greatly the usefulness of this technique. The Na(Tl) high Z inorganic scirltillator

that became so important in gamma ray spectroscopy ~ was discovered by
Hofstadter,35S36 who took inspiration from the report of Kallmann’s success with
low Z organic materials.

The scintillation counter was just what we need(’r!for the measurement cf the
pion-proton cross sections. The fir~t results were reported at the ~nternationtil
Conference on Nuclear Physics and the Physics of Fundamental Particles, held at the
University of Chicago, September .17to 22, ~95]..37 The Conference wns orgnnlzed, in

part, to celebrate the successful completion of the Chictigo Hyncllrocyc,lc)tron.‘1’Ile

work hnd hepn dcne by Fermi, Nagle, I.ong, Mart~n, and Yodh, besides myself, blit T

presented the report. The arr[lngcrnent~hown in Fig. 16 used two 1 inch Square scin-
tillation crystnls (terphenyl) to meusurc the lncc)mingplons. Tl~ctarget was liquid
hydroRt?n, behind which were pluccd two larger liquid scinti,llntor counters to mens-
wrc the number of pionH remnlning !.nthe b~llmnft(’r travcr-;jng the llydro~c,,l. Tl]l’
transmission 1s obtnined by mc[tsurin~ the rutto of the qundruple to douhlc coinci,-
dcnres with {~ndwithout Ilydrogrn in tl]ctllr};~!t,

T - Pxp (-(lx) ,
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Averagf:
Elergy

Cross eectlon
mlllibarns

50-Mev r:

2; :-
112 lr-
135 7r-
176 T-
2~7 lT-

20 ● 10
5*1

29 ● i!i
36*9
56+6
69*7
60A5

Fi~f,.17: Early re~ult~ on total cro~s aectinns for IT-on liquid
hydro-gen.

Following the Conference, we went hack to work determined to do everything much
more cnrefully, c~pccinlly the more difficult 11+mcnHIIremrnts.
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U12-2?..: Darragh Nagle working on the hydrogen target.

Cross-Section Measurements..—_—------———————— .—

A typical geometry for a transmission measurement is sketched, in Fermi’s hand
on page 16, of the notebook (Fig. 29). The date from the preceding page (not shown)
was October 3, 1951. Counters 1 and 2 were 1 inz terphenyl crystals. countf~rs 3
and 4 were liquid scintillation counters. The liquid hydrogen target, 7 1/2 inck,es
long, was inside a 10.6-inch long container and set in the space Letween counters 2
and 4, closer to counter 4. The basic measurement is the ratio of quadruple to
double cc)lncidences, with and without hydrogen. Gold foils were inserted when the
hydrogen was removed to keep the multiple scattering of the beam the same. The
lj.quirlhydrcgen was removed by pressur~’, irs Tontainer remained in place. Tllc3/16-
fnch Pb sheet prevented proton recoils from r~~aching counter 3. A summary of the
measurements taken with Martin “slow” circuits and not recorded in this notebook is
Kiven. The ratio of (~/D) taken w[thout and with hydrogen is 1.0392 + .0017, and
the corresponding cross-section U = (47 + 2) x 10-2’

—
cm2 .-.

The measurement was repeated as recorded on the next page (Fig. 30) uslnG
“Slattery fast circuits. ” The ratio, inverse of the transmission, was 1..0464 -+
.0033 and the2cross-section calculated fromU = lnT/x with x = 8.15 x 1023 hydroge:-
nuclei per cm ir3given as U = (56 -1-4) x 10-2’ cmz. ‘rllerewere Icwer acci.dcnttlLs-.
with the Slattery circuits than with the Mar-tin circuits. These mc’o:;urem(!ntswere
done with n- at 137 NeV. It is important to note tlli~t tile cf~(!ct was only 4X even
thougl!the cross-section was quite large, close to tll[’geomctri,c value.

Figure 31 shows page 24 of the notebook on whirl] F(~rmi nnalyze({ tl~cdata from o
measurement of 175 MeV n- on 11,taken October 1,6,1951. ~a~kground corrections ;Irc
fncluded explicitly, but none

‘)f ~!? ‘t$er”” “’’’i’” the effect is 4.4% and the
cross-section U = (S4.1 + 3.9) x 10 cm , about Lllesame as iit 137 McV, so the
cross-sections were leveiing off.
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Cross Section for 11+

The IT+ measurements are given in another notebook that Fermi labeled Vol IV,
December. 15, 1951--- The back page of this notebook has an index, written in
Fermi’s hand that is reproduced in Fig. 32. The portions that I want to present
here are the 122 MeV ~+ measurements on liquid hydrogen, pages 32 to 36, and the 145
MeV Tf+measurements, also on hydrogen, pages 4? to 53. The arrangement was sketched
by Fermi on page 32 on December. 21, 1951 (Fig. 33). In this case aluminum was used
to compensate fnr the effect of multiple scattering in the liquid hydrogen and a
calculation of tt,eproper position for the hydrogen target is shown. Fermi noted
the photomultiplier high voltage settings and the cable len}:ths. ‘l’hemeasurements
begin on page 33 (Fig. 34) and continue thro~lghpage 35 (Figs. 35,36). The sequence

is ABBA: HinjHout,Houttl~in, repeated three times. The first measurement started at
11:38 AM. At 12:38 the handwriting changes from Fermi’s to mine. At 13:40 it’s
Fermi’s hanclwritjng again until the end of the measurement at 15:16. It was clear
from the first seque[lcc of four measurements that something unusual was going on.
There was a 7% effect End this was so much greater tha~ anything we had seen !)cfore
that it left Ferret shaking his head in wonder. The ?T values had been ltirgc, but
they had leveled off close to the El!omet~ical value. Here we were finding a n+
cross-section that was substantially larger .g~il. , According to my recollection I
had received, on that day, u preprint from Keith Brueckner in which he showed that
the 11+/11-ratio could be explained in terms of a nucleon isobar with spin 3/2 and
isotopic spin 3/2. Fermi expressed skepticism at first. It seemed like a wild
guess. But I could rcaclfrom the graphs that Brueckner was predicting u cross-

sectfon of 88 mh. Our value was comfn.g out \o be 83 mb. It was pretty close, and
the n~reemcnt would be even better after corrections. At this point Fermi rcarhed
fo: the pnpcr and {Iskcd to bc excused. He returned a short time later wfth a broad
grin on his face. He announced, with evfdent s~tlsfnction, tl)at the cross-sections
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would be in the ratio 9:2:1 for the rea,:tions in which the final states were T+, flu,
and 11-, respectively. The isotopic spit.3/2 interaction was very strong.

To see how firmly Fermi had taken hold of the idea that this might be a
resonance, I looked up the notebooks he used when he worked in his office. These

show that on December 24, 1951, he had written on page 91 (Fig. 37) the charge
states c~rresponding to total isotopic spin 3/2 and 1/2 using the appropriate
Clebsch-Gordon coefficients. On the next page (Fig. 38) he wrote the wave function
of the incident plane wave for scattering due to a virtual pll+ state. On page 93
(Fig. 39) is a derivation of the cross section, in the Breit-Wigner form, for scatter-

ing from such a resonant state. The next page, 94 (Fig. 40), is dated December 25,
1951. Fermi had written the expressions that take into account both the isotopic
spin and the ordinary spin. The next page, 95 (Ftg. 41) carries the headin~, “Assum-
ing scattering due to a single level resonance of a state I = 3/2, J = 3/2.” On
this page the phase shift is introduced and the theory is developed furthzr on the
next (Fig.42) and succeeding pages (not shown) to include the n-p scatteririg.
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Fig. 39: Rreit-.tJigner formula for ;I virtual resonant state.

proton recoil. The plot also included the mc,asurements M;lde ~L ~ro~kl)tlv(>il ~111(1
Colllmbia . The pa~e is reproduced in F’1~. 47.

A key statement in this paper is t.hc onc that reads, “WcI m[}:llt point O(IL In this
connection tllilt tile expert mental resl, lts nbta{ncd to rl:ltl~ Or.I /)1S0 con)pot[h]~, wit]]

the more gcn(~ral assumi)t ion tlint in the energy intcrv~]l j n (lucst 10II t II(I ,I,)mlll;illt
Interartinn respons!hle for the scattering is tllr~~u~:ll ~)11(1 “r morL) {,, tL, rn,L,(lji, rC)
states of isotopic spfn 3/2, regtirdlessof spin. On LI}lsassum~jtlon, O1lLIfinds Ll]i{t
the ratio !“orthe three proresses should IM)(9:2:1), /1siltof vu l~l[,fitI}at I!;c{>ml\;lt-
ible wiLl) tileexperimental ob~ervilf;.fo[)s. It iti rnorc diff[r(llt, (It pr(’scll[ to sily
anything Ep~cif’ic LIE to the nature of tl~c intt~rm(.diitt.(~ stilt(. or stiitt~s. lf” tl)~~rc
were one state of sp.in 3/2, the angular dfstributlotl f(jr u]]. tl.r(~~, i)ro~(,ss~,s sllo~]l,i
bc of the type 1 + 3 cos 20. If tl}{~ dominant ~~ff(~ct w~,rc dIIC~ to (1 stiit~* ot” ::1) 111 1/2,

the angular distribution should be iSC)t(Jpf C. lf U Stotu of hl}~l]er spin or i] ml. xt. urc)
of several spin ~tates were fnvolvcd , more CC) Mpl~Cilt L)d i!ll}?tllilr (list rlhnt ion would blj
expected.*’ It turned out t.hotBrueckncjr Ilnd milde the! corrrct. (IIUICLI aIId it was tlt~’
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C11CAG081. lLLIMOIS

INSTITUTE POK NUCLEAR sTUDIIS

April 9, 1.9S3

Dr. Nicholke MetroPolio
Los Almos Scientific kborati~
P. 0. BOX I.@
LC18AICLXM, N@wtifioO

Do- Niokt

~enk you for eroding tha reeults of the calcu’-tion. They uc qui~
interesting in that they shm m ●nergy dependence of the pheee sbifte
rather different frm the ona that had boon cnticipatid b~ 8oet. In
particular, tlw rseulto do not chow any widenco for A rwmc.noe 10
the etste 33. A rosoiunco should be indicated by the fsot thct ttm
corresponding phcee ■hift oroosec ~. Ae PU mq hem notioed, tbAe
U not at all the came. In fatt, it CPPOUC thct thephase shift An
question rocchea a ~ of about 500, and then begine to docroue.
The aeloulation oemne to be aorrect in thegeneral I.irns.

I hm been mmmh~t pussled br the fmt thatyouaotiood that for
-me ●nergies the croon #ectlone am not obkimd quiti ccmrati~,
but show eaw ●rrore of a fom per oont. You ~ rwoember thct W bad
W this trouble in other problem, and I cm etill waewtmt unoertdn
M to whet iBth reason for it. In ATLYCSDC the cross cectioue are
Iumn with en eccuracy wmwe than ● few per oent, ■o thd w ahoul.d
not w- abcmt a diocrmpancy of thio orchr of ugnltti.

In the ●ttached a}~ets you till find the pro~em for s m cdaulation
d tlm ●mm ●qmrlmentsl matiricl. Tbe nev oalauhtlon difrore from
the old ono ~ Lmmusc the emwthing uut of the ●xperimental dAte k
bem dotn difforentQ. I wouldliketo soe how mch the reeultnthat
wereobtained on the pntiouc calculation dqmml on the wv the aLA-
jucting 10 ude.

nmnk yuu regainfarplr help.

L
e rev poro,

Bnrioo l~ermi

UIVY
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● up the problem as well. Using graphical methods and simplifying assumptions about
the behavior of the “small” phase shifts, they ‘~ere able to demonstrate that good
fits were obtained with a resonance behavfor for ~33. Fermi’s comment about this
work is in a letter to Metropolis dated Decelliber22, 1953 and reproduced in Fig. 56.

Fermi didn’t live to see how the whole matter was resolved. He died a year

later. I like to think that the question of the 3/2, 3/2 resonance was clearly and
firmly settled in a paper by U. E. Kruse, W. C. Davidon and myself45~46 where we
showed that the dispersion relations were satisfied by the resormnce solution and

not by the others. As new accelerators came into operation and higher energies
became available, the pion-proton scattering measurements and the search for higher
resonances became almost an industry. Figure
section showing the low energy portion of the
3/2 resonance stands out in a striking way.
miss. Figure 58 is a plot of both the ?T+and
is indicated all the nucleon isobars that had
The I = 3/2 resonances are the A isobars, the
tron proton as the lowest (bound) states, are
way interferences can plan tricks, not all
bump of the curve.

Stran~e Partjcles——— --.-——.-——...

—
b] shows a plot of the 11+total crOSs

data collected up to 1970.47 The 3/2,
No wonder it would have been hard to
the 11- total cross sections on which
been fou-,~by phase shift analysis.4g
I = ‘./2resonatices that include nzu-
designated N. Note that because of the

the resonances are associated with a

While there could be some doubt about whether the A33 resonance had been estab-

lished, there was no do(bt that isotopic spin was an important aspect of the strong
intc,raction. The 9:2:1 ratio had not been expected but when it showed up so dramat-

ically in the Tlp scattering, ‘t made everyone take notice. In view of this, it is
suprising that the leading tll<orists of the time, Fermi included, were so slow to

recognize that isotopic spin was the key to the puzzle of the strange particles, tht~
major mystery of the period. The connection was made by two young theorists for whom
it became a stepping stone to the fame nnd fort(lne they later came to enjoy. The
ftrst of these was Murray Gell-Mann, who will speok on this ~ub.jccth.irnselfIoter in
this Conference. The second was Kazuhjko Nfshi~lma. Murray C@ll-Mann was at chlco-
~;{)at the time we were doing th(’tie cxp(lriments, lIc wils the youngest m~’mbcr of our

faculty. T lilcc to think that tllc I.mport:lnce of {sotoIIlc spin, as {t emerged from
our experiments m:idc n deep fmprcssl.on on him. ‘rh{’problem wns to (?xpl:iln :~n :l])\)ilr-

cnt violation of the principle of (ietail~’dh,ll:lncc;I1OW tL l“lilpp(>n[!(l I}lilt’ :1 st.riln}~~j

part.ic!lecould be made ~tron}:l.y, w{t II ]1{}:11 cro!’s SCC!LiI)Il, 111 il (’OI1LS1OII of” .’1 pi(ln

and il proton, and subsequ(?ntly cic!caytnLo ii piOIl [111(1 ii proton, bIIl wr:Ikly, willI N
rclilt.LvclylonR 11fettmeo

Botl)R?ll-Mann/~() iltld N}iki]no ill)d Nisi)[.liIII:I ‘)() HI1OW(*(I tll;lt i)y ;lssifillill&\ ili\l f”-

inteflrul isotopic Hpitl L() Ll)(’ Ntrilllg(’ K IIILJSUIIS il!l[i int~)}~r:tl [S[)topic Ki)ill L() t,it(,

stri]n}:~ t)aryons, A“ or );,t.t~c(i(~c(iyof LI1,.I};(}l)~lrt{(l,:sVIN t h($ strt>t]~[!ltI$r;]rLltJll
U)tll(ih(’fol”b[(idc’nlf, ill LIIIH lnt(’ril(’t 1011) t 11(’ It)otopl(’” Hpin WLlr(i Cotl!iLjrv(*(l. ‘i’1111

(I(t(’iiy Well Id t 11[811 I)ro(’rll{i VIJ1 I il[’ W(’:l ii i flt (*rll (’t ion 11) wiIl (’11 tll[i l:ir)toj)j(” Ki)itl w:]:: 1101

runsrrv(’d. Ntlk:lll[)an(i NIHiI1.1~.miI [Iltro(i(l(’(’(: ;I 11(’w ([(1/111(.(1111Il(lmil(’t” , Iii L{*t’ fl[V( ’11 t tl(t

Ililttl(’ “str~lll~(’ll~$~+~;” by (k’1 L-hiiltltl, S m B - :?((J- 14]), Wil(!rl! Ii i!; I II(I i):lryotl II IImlNIr, (/

ti]c (:ll:\rf? (*, dIId r.]tl)l’tiilrri comi)on~’t~t” of I iI(I fsot(~pl~” :;pl II. St r:lll}:otl[ts!+ Wolll(i I)(1
cons[’rV(![i i 11 t:il(’ HLI’onH {Ilt (!ril(’L toil.

Not 11111(’il ll(~t(? W:if’ t:lkt’tl oi” tit(~~!t [(i(IiI!t (Il}t [i 1~)’,’,. Al t!);)(t [111($ I !IIII’(’ ~~ici ;III

llltoro~lLloti,’ii t’onf(!rcl)l’., 111,1(1 III I’[s;I [(t (S(,l!,l)riit(, tlI(I l(Jot/I ~lllll!l,l.:iilt.y ,)1 “II

NIIOV[) (:lm(*nto ’’s’)l I r(~m[’ntl)(’r t i)(I (’ollf{~r~~t)(.($ vivl~l Iy i)t~,’:i~l~;~~I wil:~tllt~ll~ltl~lIt 111:1,[(1
a ~rrflt iml~t-tl~t}~it~ll(~tln]o.

‘1’I)IHW:l!+ :1 (’ol)f(’r($ll( ’(~ 01} (*l(*m(~llfilry ]); lrt [(1(1s, l)\lt II W’l!i (i(’voll$(ll :1 Imo!;(

(~tlt[r ply to II)(J iII*,qvy (Illr;t{ii)l(t I),qrt [~,it,!: Ill(it wiIr(* i)(IiIIt; l“l)!lll(i III t Ill’ (()!41111(, I.:ly!;.
in purtl(’(ll~lr, tii(’r(’ WII}; n (’ottll)rl!illlt)t~lv(~ r(~i)ort 011 t il($ II II$%[)I!14 by ,4111/1I[i i Who i)r{i--

II($llt (*(i il {-0111])1 I/It ion of I* V(*I’Y ‘I (l V(~llt t ililt It:l(i i)(~(~lt f“I)llt\ (i, c$ltl)[~t< ilt (,mll]~;l~)t~!{ ,)r

Ill (’lotl(i [’ililmt)(~r H. Mou( [)f t il(t (Iv($l)t}i ilil(i i)(~{!t} f“otlt){i i)y [’()! lmf[’ t’ily }{t’otl i):; work[l)H
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Dr. !lichoMs Matropolic
Lo~ Alamos Sei.nt if lc hboratary
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Loo A~mcO, New MOtiOO

Daar Niok

TlmnJ you for your letter of December lt%h with the latest nvwa. I
believe that theplan you atllna Iu very eem lbla ●nd I how very
much to tnar the remtlts. Thsre have been, meanwhile, ● number of
calculations made by various pople on the pha~c shift p’oblema and
I may give you the following set of data that have been obUined by
Uartin by uein$ s graphical rmthod and t), s answnptlon that d and

vall am both equal to zero. On thoa,, a~humptlon~ he clafma t at a
solution that fits ●s far●s they ●m known. both the oosltlva ●nd
nag~tive data 10the following 1 -

U3 9 + “

U1 = 10°, indepcndant of ●ergy.

Another ●ttapt to fit the, data with ● ad. of phase shift,n haa boon
made here by U, Olickamn. ME makes ●ven more drastic au~wnptione,
mmely, that of the p-phaua ohlfta, only U ~ ID different frran 0.

iOn these ●~~wnptiona, hc obtains ● maaoMb n fit with the following
phXmOohifto .

Mm a, al all

Al 1 thin tmd~ to conifrw that ttmre U’e many ●Oc@ptahl@ 001utirwIn in the
hluh rnn~~ rncion ●d h !Iltimat.n result prohahly will hn that no

d-c is!oII in pwnlble unh?nfi tha .xprimental ●ccurary [If the data la
omn iderably Improved,

with Iwnt Rlliinllll’n glwli.l!lp,

Rl\l.1 (!,) rlltwll
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